Microbes whose genomes are encoded by DNA and for which adequate information is available display similar genomic mutation rates (average 0.0034 mutations per chromosome replication, range 0.0025 to 0.0046). However, this value currently is based on only a few well characterized microbes reproducing within a narrow range of environmental conditions. In particular, no genomic mutation rate has been determined either for a microbe whose natural growth conditions may extensively damage DNA or for any member of the archaea, a prokaryotic lineage deeply diverged from both bacteria and eukaryotes. Both of these conditions are met by the extreme thermoacidophile Sulfolobus acidocaldarius. We determined the genomic mutation rate for this species when growing at pH 3.5 and 75°C based on the rate of forward mutation at the pyrE gene and the nucleotide changes identified in 101 independent mutants. The observed value of about 0.0018 extends the range of DNA-based microbes with rates close to the standard rate simultaneously to an archaeon and to an extremophile whose cytoplasmic pH and normal growth temperature greatly accelerate the spontaneous decomposition of DNA. The mutations include base pair substitutions (BPSs) and additions and deletions of various sizes, but the S. acidocaldarius spectrum differs from those of other DNA-based organisms in being relatively poor in BPSs. The paucity of BPSs cannot yet be explained by known properties of DNA replication or repair enzymes of Sulfolobus spp. It suggests, however, that molecular evolution per genome replication may proceed more slowly in S. acidocaldarius than in other DNA-based organisms examined to date. A rchaea isolated from geothermal environments grow optimally at temperatures that are lethal to all genetically well characterized microorganisms and damaging to DNA. The enzymes of these hyperthermophilic archaea are intrinsically thermostable due to a variety of structural features that discourage protein unfolding, which explains how metabolism can be maintained at extremely high temperatures (1). The strategy of intrinsic stabilization does not seem to apply to the chromosomes of these archaea, however, and does not address the problem of spontaneous DNA decomposition at physiological temperatures (2). Although information about the gene content, genome organization, and evolutionary divergence of hyperthermophilic archaea is expanding rapidly, their basic genetic processes remain largely unexplored. As a result, it is unclear how these organisms compare with well studied microbes with respect to genetic exchange, DNA repair, mutation, genetic exchange, and other fundamental processes important to their survival and evolution.
A rchaea isolated from geothermal environments grow optimally at temperatures that are lethal to all genetically well characterized microorganisms and damaging to DNA. The enzymes of these hyperthermophilic archaea are intrinsically thermostable due to a variety of structural features that discourage protein unfolding, which explains how metabolism can be maintained at extremely high temperatures (1) . The strategy of intrinsic stabilization does not seem to apply to the chromosomes of these archaea, however, and does not address the problem of spontaneous DNA decomposition at physiological temperatures (2) . Although information about the gene content, genome organization, and evolutionary divergence of hyperthermophilic archaea is expanding rapidly, their basic genetic processes remain largely unexplored. As a result, it is unclear how these organisms compare with well studied microbes with respect to genetic exchange, DNA repair, mutation, genetic exchange, and other fundamental processes important to their survival and evolution.
Rates of spontaneous mutation measured in microbial systems provide evidence of the biological importance of genetic fidelity. Accurate rates of spontaneous mutation per genome are available for only six DNA-based microbes: phage M13, phage , phage T2͞T4, the bacterium Escherichia coli, the yeast Saccharomyces cerevisiae, and the filamentous fungus Neurospora crassa (3, 4) . Despite their diverse life histories and genome sizes that differ by 10 4 -fold, their individual genomic mutation rates deviate by less than 36% from the average value of 0.0034 mutations per genome replication. This average provides a benchmark value that has not, however, been tested among either archaea or organisms inhabiting intrinsically mutagenic environments. We addressed this deficiency by measuring the genomic mutation rate of the thermoacidophilic archaeon Sulfolobus acidocaldarius.
Estimating a genomic mutation rate requires a measure of the mutation rate in a representative target gene and a description of the kinds of mutations arising therein. The use of 5-fluoroorotic acid (FOA) to select pyrimidine auxotrophs facilitated the measurement of an aggregate mutation rate for the pyrE and pyrF genes (about 3.3 ϫ 10 Ϫ7 mutations per cell division) in S. acidocaldarius (5) , but no sequence information was available then for either gene. In the present study, we isolated numerous independent mutants resistant to FOA under similar conditions, identified their mutations by sequencing, and used this information to estimate the size of the mutational target and the fraction of base pair substitutions (BPSs) that were not detected. From this information, we estimate the genomic mutation rate to be about 0.0018 per chromosome replication, close to the standard rate for DNA-based microbes. We also found that the fraction of BPSs among spontaneous mutations is substantially lower than observed in other DNA-based organisms.
Materials and Methods
Organism and Growth Conditions. S. acidocaldarius, obtained from the American Type Culture Collection (ATCC 33909), was clonally purified by streaking on solid medium and was confirmed to yield a pattern of genomic EcoRI restriction fragments identical to that of S. acidocaldarius strain DG6 (6) . The laboratory designation for the resulting strain is DG185. Unless otherwise noted, growth media (pH 3.5) consisted of a mineral mixture supplemented with xylose, tryptone, and uracil; plates contained gellan gum for solidification (7) . Incubation was at 75°C, which is near the midpoint of the temperature range for growth for this species (6) .
For mutant selection, 50 g͞ml FOA was added (7). In S. acidocaldarius, this concentration of FOA selects mutants deficient in either of two UMP biosynthetic enzymes: orotate phosphoribosyl transferase (OPRTase) and orotidine 5Ј-monophosphate decarboxylase, encoded by the pyrE and pyrF genes, respectively (5, 7). The selection reflects the fact that FOA is readily taken up and is not toxic per se, whereas the 5-F-UMP made from it by sequential action of the two enzymes kills cells. Loss of either enzyme thus spares the mutant in the presence of FOA, but also renders it dependent on exogenous uracil for growth. As an assay of spontaneous mutation, the FOA selection has the advantage of generality. In principle, any mutation that inactivates either gene product is selected, regardless of the nature of the sequence change.
Mutant Isolation and Mutation Rate Determination. Fluctuation tests were performed as described (5) except that independent cultures were smaller and grown without mechanical agitation in microdilution plates. For each mutant-isolation experiment, one isolated colony was suspended in 3 ml of nonselective liquid medium and incubated until the culture reached a density of about 5 ϫ 10 7 cells͞ml. This culture then was diluted 10 4 -fold in fresh nonselective medium and dispensed as 200-l aliquots in the wells of a microdilution plate. The resulting cultures, each inoculated with about 10 3 cells, were incubated for 3 days, yielding visible turbidity. A 70-l aliquot of each culture was plated on selective medium, and FOA-resistant colonies were analyzed after 8-10 days of incubation unless otherwise noted.
The parameters needed to calculate the rate of mutation under these conditions were derived from a set of 115 liquid cultures in individual wells. To calculate the average number of cells per culture, N av , the volumes of four wells were measured at various positions within the plate and the viable titers in these wells were determined by serial dilution and plating on nonselective medium. The most probable number of mutational events per culture for the set, m, was determined by using the method of Lea and Coulson based on the tables of Koch (8) . These tables yield one estimate of m for each of the three quartiles of the mutant frequency distribution. Three corresponding estimates of the mutation rate per cell generation, , were calculated by using the relationship ϭ (ln2)(m͞N av ). There was no apparent bias in the rate estimates as a function of the quartile used, reinforcing direct experimental evidence that possible distortions caused by phenotypic lag or differences in growth rate between mutant and parent strains in uracil-supplemented media are negligible (5) .
Mutants were randomly chosen for sequence analysis by marking the back of the plate with a small dot when the plates were initially spread. The FOA-resistant colony that formed closest to this dot was picked from the plate and streaked for isolation on nonselective medium. A single, well isolated colony of each mutant then was grown in liquid medium. A portion of the resulting clonally pure culture was preserved at Ϫ70°C. Total genomic DNA was extracted from the remainder of the culture by the guanidinium thiocyanate procedure (9) . DNA Sequencing. DNA samples were diluted with water to contain 33-100 ng of DNA per 50 l, and the pyrE and pyrF regions were amplified by using the PCR and sequenced. The upstream PCR primer was 5Ј-ATGTTTCAATAACGCCCT-3Ј and the downstream PCR primer was 5Ј-TCAGATATCCTAGCCAGT-3Ј. The resulting product from the wild-type template included 81 bp before the 594 bp encoding pyrE and 42 bp after the 660 bp encoding pyrF. The PCR consisted of 30 cycles of 1 min at 94°C, 1 min at 55°C, 1 min at 72°C, with a final extension time of 10 min at 72°C by using Taq large-fragment polymerase (Display Systems Biotech TAQ DNA polymerase from PGC Scientific, Gaithersburg, MD). The PCR products were purified with the QIAquick PCR Purification Kit (Qiagen, Valencia, CA). Sequencing was performed with an ABI Prism 377 DNA Sequencer using the dRhodamine Terminator Cycle Sequencing Kit (Perkin-Elmer). Each sample was sequenced with the two PCR primers above and with up to six internal primers. The latter consisted of the following pairs of forward and reverse primers: 5Ј-CAGTGGAGGAGGTAAGGA-3Ј and 5Ј-TCCT-TACCTCCTCCACTG-3Ј, 5Ј-T TGGACTGGGACGAGA-TA-3Ј and 5Ј-TATCTCGTCCCAGTCCAA-3Ј, and 5Ј-GGT-GTCCA AGGTGCCA A-3Ј and 5ЈT TGGCACCT TGGA-CACC-3Ј. After noting that the first 64 samples to be sequenced contained almost exclusively pyrE mutations, sequencing of pyrF was discontinued except for rare instances in which no pyrE mutation was detected. Of the 49 leaky frameshift mutants at position 545-551, 14 were sequenced completely without finding an additional mutation in either gene. Sequencing detected no mutations in each of several preparations of DNA from the parental strain and detected no more than one mutation in any mutant.
Results
We performed three independent f luctuation tests from which a total of 108 FOA-resistant mutants were recovered, each arising in an independent culture. Of these 108, 101 eventually were found to contain intragenic pyrE mutations. (The 3Ј end of pyrE overlaps the beginning of pyrF by 14 bases; mutations in the overlap region were classified as pyrE mutations.) Mutants from the first two tests (115 cultures each) were grouped together for subsequent analysis. Data from the second f luctuation test were used to confirm the genic mutation rate realized under our conditions. The value (3.37 Ϯ 0.36) ϫ 10 Ϫ7 , agrees well with an average value of (3.29 Ϯ 1.35) ϫ 10 Ϫ7 determined previously for larger cultures under similar but not identical growth conditions (5) . The 79 intragenic pyrE mutations from the first two tests were pooled and designated set I. The third f luctuation test (72 cultures) evaluated the effects of stronger selection stringency by limiting incubation of the selection plates to only 6 days. Under these conditions, only the resistant clones whose growth rate was not significantly retarded by the FOA yielded visible colonies. The resulting 22 intragenic pyrE mutations were designated set II.
Almost all of the FOA-resistant mutants were found to contain pyrE mutations; only 4͞85 of the mutants from the first two f luctuation tests and 1͞23 from the third f luctuation test contain pyrF mutations. Four of the five pyrF mutations are Ϯ1 bp and one is a G⅐C 3 A⅐T mutation that generates an ochre (TAA) codon. Two additional FOA-resistant mutants contain large rearrangements; we recovered these by using the outermost PCR primers and found that the products were larger than that of the wild type. Using other PCR primers and diverse sequencing primers revealed that these two mutants contain sequence rearrangements (probably duplications), but their detailed structures were not further investigated. In sharp contrast to S. solfataricus, where most pyrE and pyrF mutations isolated by the same selection were caused by small transposable elements (IS elements) (10), we detected no IS insertions in any of our independent S. acidocaldarius mutants.
The intragenic pyrE mutations are summarized in Table 1 and Fig. 1 . The BPSs comprise mostly transitions and, despite the fact that the pyrE gene contains only 36% G⅐C bp, the transitions are mostly G⅐C 3 A⅐T. The spectrum of mutants selected under standard conditions (set I) is dominated by one A 7 3 A 6 frameshift hotspot at 545-551, which accounted for 49 of the 79 mutations. In addition to being the most abundant allele recovered under standard conditions, the A 7 3 A 6 frameshift was the most sensitive to an increase in selection stringency, as shown by its absence from the 23 mutants of set II. When this mutation is ignored, comparison of sets I and II further suggests that elevated selection somewhat decreases the representation of BPS mutations (Table 1) . This is the expected result of some missense mutations failing to completely inactivate the OPRTase.
The remaining mutants, which contain intragenic additions and deletions, exhibited the tight auxotrophic phenotype associated with complete loss of enzyme function (7) . Those from sets I and II therefore can be pooled for analysis. Most are Ϯ1 frameshift mutations that arose in runs of two or more identical bases. Of the six ϩ1 mutations not arising in runs, five are tandem duplications of a base and one is an insertion of G within a TTTT run. Both Ϫ1 mutations not arising in runs have (by definition) lost a single base. The Ϯ1 mutations arising in runs arose preferentially in longer runs. One Ϯ1 arose among 19 runs of three bases, one Ϯ1 arose among eight runs of four bases, 10 Ϯ1 arose among five runs of five bases, nine Ϯ1 arose in one run of six bases, and 49 Ϯ1 arose in one run of seven bases. The pyrE target contains 379 A⅐T and 215 G⅐C bp, including 99 A⅐T in runs of Ն3 and 28 G⅐C in runs of Ն3, but the number of larger, more mutable runs is too small to detect a bias in frameshift mutability between A⅐T runs and G⅐C runs. In runs, ignoring the special case of the large hot spot, single-base additions and single-base deletions arise equally frequently (12 and 11 times, respectively).
Three additions of either three or six bp arose at 344-CTACTACT-351, generating either CTACTACTACT or CTACTACTACTACT. This eight-base sequence contains a large number of different repeat motifs: three overlapping triplet repeats (CTA CTA, TAC TAC, and ACT ACT), two overlapping tetrameric repeats (CTAC CTAC and TACT TACT), and an overlapping pentameric repeat (CTACT CTACT). The ex- This tabulation omits two large rearrangements and five pyrF mutations that are described in the text. Fig. 1 . The mutational spectrum. The sequence is that of the nontranscribed strand of the pyrE gene, with mutations of small extent shown above this sequence. A, T, G, and C denote BPSs. ƒ denotes a single-base insertion of a base identical to the base or bases below the symbol, except for the insertion of a G between T446 and T447 and the insertion of either three or six bases into the dotted-underlined sequence-fugue ''CTACTACT'' (for which we show only one of many possible insertions, as explained in the text). The five heavy underlines denote sequences that were tandemly duplicated. ⌬ denotes a single-base deletion of a base identical to the base or bases below the symbol. In the top line a deletion of 20 bases is shown comprising 17 bases (lightly underlined) between two triplet repeats (dotted underlined), one of which is also deleted.
pansions detected in this remarkable fugue-like sequence could have arisen in many ways: slippage by three bases to insert CTA, TAC, or ACT, slippage by four bases (aligning the second member of a tetramer with the overlapping first member) to insert three bases, slippage by five bases (aligning the second CTACT with the overlapping first CAACT) to insert ACT, or slippage by six bases (aligning last CT with first CT) to insert ACTACT. A similarly complex fugue-like sequence of 14 bases occurs in the E. coli lacI gene (11) . The spectrum contains one larger deletion and five larger tandem duplications. A 20-base deletion runs between two GCTs and deletes one of these. This result fits the pattern that most deletions in most organisms arise between short repeats. Three of the tandemly duplicated sequences are not associated with repeated sequences-the sequence preceding the duplication starting at 001 is GGGTTAAA-whereas the tandem duplication of 476-494 is associated with the repeated sequence TATAAGGT. We observed no complex mutations, that is, mutations in which multiple close changes occur as a single event.
Many of the mutants of set I were able to grow reasonably well in the absence of added uracil. The A 7 3 A 6 frameshift at 545-551 subsequently was found in 42͞44 of these mutants. This mutation was frequent in both fluctuation tests represented in set I and was found in two additional, independently derived mutants, one of which is strain DG96 (T.-L. Thia-Toong and D. Charlier, personal communication). Strain DG96 has been characterized biochemically. It has 13% residual OPRTase activity and a low level of FOA resistance and can grow to a limited extent in the absence of uracil supplementation (7). The fact that the A 7 3 A 6 frameshift is both leakier and also much more frequent than most pyrE alleles explains prior observations that low-stringency FOA selection yields two phenotypically distinct classes of pyr mutants in approximately equal numbers (7) . As deduced from the nucleotide sequence, this Ϫ1 frameshift modifies the carboxyl terminus of OPRTase by replacing the last 14 residues with SSYLIIW. The corresponding expansion (A 7 3 A 8 at 545-551) should result in an OPRTase in which the last 13 residues are replaced by AHI. The expansion mutation was not recovered in either set I or set II, despite the fact that ϩ1 and Ϫ1 mutations arise equally frequently in the other homopolymeric runs (Table 1 ). This finding suggests that the expansion at 545-551 yields little or no decrease in enzymatic activity under physiological conditions.
Discussion
The mutation rate (at 75°C at pH 3.5) of S. acidocaldarius to resistance to FOA was previously determined to be (3.29 Ϯ 1.35) ϫ 10 Ϫ7 per cell division (5) . In that study, phenotypic scoring (based on levels of FOA resistance indicated by colony size) was used to estimate separate mutation rates for pyrE and pyrF, but molecular analysis now shows that this phenotypic criterion does not accurately predict the site of mutation. For example, pyrE frameshift mutations depress levels of orotidine 5Ј-monophosphate decarboxylase (the product of pyrF), whereas other pyrE alleles confer high-level FOA resistance without affecting pyrF expression (12). Here we obtained a closely similar mutation rate of (3.37 Ϯ 0.36) ϫ 10 Ϫ7 per cell division for mutations conferring FOA resistance. Almost all (101͞108) of such mutations that we examined arose within pyrE. The spontaneous forward mutation rate of this gene is therefore about 3.37(101͞108) ϭ 3.15 ϫ 10 Ϫ7 .
Before this rate can be converted into a genomic rate, it must first be adjusted for undetected mutations. One way to do this is to estimate total BPSs from numbers of chain-termination (CT) mutations, for instance by multiplying by (64 codons)͞(3 CT codons) (3). However, we detected only 12 pyrE BPSs altogether and none of these created CT codons. We therefore collected published information providing values for the ratio (predicted total BPSs)͞(observed BPSs). The average value over several reporter genes and organisms was 4.73 (see Table 3 , which is published as supplemental material on the PNAS web site, www.pnas.org). Set II contained 69 addition and deletion mutations and 10 BPSs. The pyrE reading frame (Fig. 1) comprises 594 bases. Therefore, the estimated average spontaneous mutation rate per base is b ϭ (3.15 ϫ 10 Ϫ7 )(69 ϩ 4.73 ϫ 10)͞(79)(594) ϭ 7.81 ϫ 10 Ϫ10 .
To our knowledge, the size of the S. acidocaldarius genome has not yet been determined; a previously characterized genome (13) represents another Sulfolobus species. However, flow cytometry analyses of exponential-phase populations using three different DNA-specific fluorescent stains provide consistent estimates of DNA contents for S. acidocaldarius and S. solfataricus cells (14) . The average ratio of DNA content for cells containing two complete chromosomes in figures 3 and 4 of ref. 14 is 0.75 Ϯ 0.09. Therefore, because the genome of S. solfataricus has 2,990,993 bp (http:͞͞niji.imb.nrc.ca͞sulfolobus͞), the S. acidocaldarius genome has about 2,243,000 bp. Thus, the rate for S. acidocaldarius is about 0.0018 mutations per genome per replication. This value is close to or even slightly lower than the average rate for DNA-based microbes of 0.0034 (range 0.0025 to 0.0046, E. coli value ϭ 0.0025) (4) . Although the evolutionary forces that drive this rate remain unknown, they are likely to depend mainly on a balance between the deleterious effects of most mutations, which will tend to select for mutations that reduce mutation rates, and the costs of achieving this reduction (15) .
The correction factor for undetected BPSs can be a major uncertainty in organisms in which BPSs considerably outnumber addition and deletion mutations. However, the correction factor has less weight for S. acidocaldarius because of the smaller fraction of BPSs: if no correction were made, the mutation rate would decrease by only 32%. In addition, the spectrum suggests that BPS detection within the S. acidocaldarius pyrE gene is fairly efficient. In most bacterial systems, CT mutations are far more frequent than 3͞64 and may approach or exceed 50% when missense mutations are exceptionally poorly detected. Here, however, all 12 BPSs (at 11 different sites) are missense mutations, and the detection of missense mutations thus appears to be of better-than-average efficiency. One caution that must be applied to this conclusion, however, arises from the relative rarity of transversion mutations, which comprised only 3͞12 of the BPSs in pyrE. All 81 of the pyrE codons that can convert to a CT codon by a single BPS must do so by a transversion, but the two kinds of transversions (G⅐C 3 C⅐G and A⅐T 3 T⅐A) recovered in pyrE have, between them, 46 codons as targets for conversion to CT codons.
Calculating a genomic mutation rate requires extrapolating from a mutation-reporter gene, which therefore should be representative of the genome as a whole. The S. acidocaldarius pyrE gene has a G⅐C content of 36.2%, which is close to the 37% for total DNA (16) . The observed pyrE mutations and the presence of a frameshift-mutation hotspot are typical of most genes examined to date (whose spectra can be accessed through the references in Tables 3 and 4 , which are published as supplemental material). The pyrE mutation spectrum is atypical only in its paucity of BPSs (see below). BPSs are unlikely to be poorly detected in our screen because it does detect mutations retaining sufficient residual OPRTase activity to sustain moderate growth in the absence of uracil. Even if the BPS frequency were 3-fold higher than estimated above, the genomic rate would be little affected, increasing to 0.0025 and even more closely approaching the standard rate. Nevertheless, the formal possibility remains that the S. acidocaldarius genomic mutation rate, and those of several other organisms, are either underestimated or overestimated because of some unrecognized property of the mutation-reporter gene.
Although the kinds of mutations described in Table 1 and Fig. 1 are commonly observed in the great majority of mutational spectra in diverse organisms, there is one striking quantitative difference between the S. acidocaldarius spectrum and that of most other DNA-based organisms: BPSs are less frequent in S. acidocaldarius. To assess this difference, we first tabulated %BPSs from a number of spectra (Table 2) . In doing this, we wanted to exclude two frequent sources of bias. First, and particularly in bacteria, the insertion of transposable elements is quite variable, so that insertion sequence mutations may comprise from Ͻ2% to about 60% of all spontaneous mutations, depending on the species, strain and reporter gene (17) . Second, the most intense mutational hotspots are additions and deletions at repeated sequences, and these, too, can dominate a spectrum in an unrepresentative manner. For instance, frameshift mutations at a particular site in the E. coli lacI gene can comprise as many as 88% of all mutations (see Table 4 ). Thus, to compare BPS frequencies among organisms, we decided first to eliminate high-frequency insertions and high-frequency additiondeletion hotspots. When this is done (Table 2) , slightly more than 2͞3 of detected mutations are BPSs among the organisms for which good spectra are available. In contrast, only 1͞3 of the detected mutations in S. acidocaldarius are BPSs. In a 2 test, this lower frequency is markedly different from the reference collection (P Ͻ 0.001).
A spectrum of spontaneous mutation reflects numerous determinants, including unforced errors of DNA replication, mismatch correction by proofreading, postreplication DNA mismatch repair, DNA damage leading to mutations during inaccurate repair, and unrepaired DNA damage causing replication errors. One could hypothesize that the S. acidocaldarius cytoplasmic pH of about 6.0 (18) might promote base protonation and thus promote ionizationdependent modes of base mispairing (19) . However, several DNA polymerases all exhibited decreased rather than increased mutation rates in vitro when the pH was reduced from 8-9 to 5-6, and this effect was manifested for both BPSs and frameshift mutations (20) (21) (22) . Similarly, a high temperature would be expected to favor melting of the nascent strand terminus during DNA replication, thus increasing the frequency of mutagenic misalignments relative to simple base mispairs. However, spectra obtained at 70°C in vitro with DNA polymerase I of the thermophile Thermus aquaticus contained about 80% BPSs (23, 24) . The same enzyme exhibited modest increases in mutation rates as the temperature was increased from either 22°C or 55°C to 70°C, without changing in the relative abundance of BPSs (23, 25) . However, this enzyme probably contributes little to chromosomal replication (see below), and the replicative polymerase(s) might display different propensities. The only relevant studies in vivo were performed by using bacteriophage T4, whose replicative DNA polymerase belongs to the same family as those of the archaea (26) . In T4, increasing the temperature from 30°C to 43°C promoted BPSs roughly 10-fold at A:T sites and 4-fold at G:C sites, and promoted frameshift mutations roughly 2-fold at a single tested site (27, 28) . The replicative DNA polymerases of archaea are all family-B enzymes lacking homology with bacterial enzymes but exhibiting homology with eukaryotic replicative DNA polymerases (26) . However, the eukaryotes, which are all mesophiles, generally display high BPS frequencies in vivo (Table 2) , as do their replicative DNA polymerases in vitro (29) , and no in vitro spectrum is yet reported for the replicative DNA polymerase of an archaeon. On balance, therefore, we have yet to identify a mechanistic explanation for the relatively low frequency of BPSs in S. acidocaldarius.
To the extent that DNA sequence evolution is driven mainly by neutral mutations (30) and that the pyrE gene fairly represents the S. acidocaldarius genome, this low rate of substitution mutations in S. acidocaldarius should affect its rate of molecular evolution. Our data predict that S. acidocaldarius should accumulate neutral mutations (mainly synonymous substitutions) at about half the rate per generation as does E. coli. Furthermore, S. acidocaldarius reproduces only about one-eighth as quickly as E. coli under optimal conditions (doubling time of 2.9 h at about 80°C) (6) , although the relative numbers of microbial generations per year in nature cannot be inferred solely from this fact.
The modest rate of spontaneous mutation of all types in S. acidocaldarius is also relevant to understanding the nature and impact of DNA repair in hyperthermophilic archaea. To our knowledge, no cellular organism has been shown to depend solely on the accuracy of DNA synthesis plus proofreading for its overall genetic fidelity. In addition, the optimal growth temperatures of hyperthermophilic archaea should result in higher rates of spontaneous DNA damage than occur in the genetically better-characterized organisms. It is thus perplexing that hyperthermophilic archaea are the only cellular organisms in which several important DNA repair enzymes are not evident, even though genes encoding homologues of these enzymes occur in other archaea and hyperthermophilic bacteria (31) . Among the most conspicuous of these missing enzymes are homologues of the bacterial mutHSL gene products, which provide a major defense against spontaneous mutation in both bacteria and eukaryotes. A genomic mutation rate similar to, or even lower than, the average of diverse mesophiles with classical mismatch repair suggests that S. acidocaldarius may have an effective but perhaps evolutionarily distinct error-correction system. Identifying this system and other determinants of the spectrum of spontaneous mutation will require a combination of enzymological and genetic studies using S. acidocaldarius and other hyperthermophilic archaea. Although technically challenging, such studies promise to clarify mechanisms of molecular evolution in hyperthermophilic archaea and identify enzymes that enforce genetic fidelity under harsh environmental conditions. We thank Joe Haseman for the statistical analysis of the data in Table  3 , Katherine Schmidt for assistance in processing some of the mutants, and Youri Pavlov and Roel Schaaper for critical readings of the manuscript. ------------------------------------------------------- 
where CT = chain-termination mutations and BPS = base-pair substitutions. In some cases, the numbers of BPSs are less than the total BPSs listed in Table 4 because only BPSs in translated sequences are considered. The references below are often annotated. ---------------------------------------------------------------------- To be included, spectra must have been obtained in vivo in a nonmutator background, values must be based on sequencing, and at least 10 intragenic mutations must have been analyzed. Certain classes of mutations were excluded (Excl.) from the totals. First, and especially in bacteria, the insertion of transposable elements is episodic, so that a particular bacterial gene at a particular time may display insertion sequence (IS) mutations from <2% to about 60% of all spontaneous mutations (46) . Second, the most intense mutational hotspots are additions and deletions of repeated sequences, and these, too, can dominate a spectrum in an unrepresentative manner, for instance, as many as 75% of all mutations (16) (17) (18) . Chi-square tests indicate that each of the last three organisms differ markedly from the first nine summarized in the subtotal (2610/3762) (P < 0.001). In several cases, atypically low %BPS values are associated either with small sample sizes or with intrinsically inefficient detection of BPSs as indicated by a high fraction of chain-terminating (CT) mutations (see Table 3 ). These include data from refs. 13 (moderately small sample size), 18 (CT = 24/79), 30 (moderately small sample size), and 31 (CT = 6/13). In other cases, atypically high %BPS values are associated with either small sample sizes or a particular reporter gene. These include data from refs. 6 (small sample size) and 19 (the S. cerevisiae SUP4 tRNA reporter gene reported previously (47) to revert at an anomalously high rate, perhaps reflecting its high fraction of functional secondary structure). The E. coli supF reporter gene usually displays either typical (5) or slightly high (12, 13, 37, 38 ) %BPS values. The S. cerevisiae URA3 gene (20) is atypical in two ways: it displays a very high %BPS value for a translated gene but also displays a high (15/31) fraction of CT mutations among BPS.
The references below are often annotated.
